Two different respiratory syncytial virus (RSV) radiolabeled probes were used to characterize the genetic heterogeneity of 25 ruminant RSV isolates by the ribonuclease protection assay. A 32 P-radiolabeled antisense RNA probe was transcribed from cloned ovine and bovine RSV G glycoprotein genes and then hybridized with total RNA isolated from infected cells with various ruminant RSV isolates. The results of this study, along with previously published nucleotide sequence data of the ovine RSV G glycoprotein gene, suggest the presence of at least 2 ruminant RSV subgroups. One subgroup is represented by RSV isolated from respiratory disease outbreaks from calves and goats, and the other is represented by RSV isolated from sheep.
Respiratory syncytial virus (RSV) has a negative sense, single-stranded RNA genome that is translated to 10 different viral proteins. 9 The greatest sequence divergence is present in the gene encoding the G glycoprotein, 16 which is supposed to be responsible for attachment to the host cell. Experimental evidence suggests that the immune response to the G glycoprotein is group specific, whereas that to the other major RSV surface glycoprotein, the F (fusion) glycoprotein, is broadly cross-reactive. 31 Human RSV isolates have been divided in 2 major subgroups (A and B) according to the genetic and antigenic variations in the G glycoprotein. 24 In addition to the diversity present between the 2 major subgroups, there is evidence of variability within each of the subgroups. 1, 4, 11, 13, 14, 29, 30 Ruminant RSV isolates include viruses from cattle, sheep, and goats suffering from lower respiratory tract infection. 5, 17, 18, 27 Bovine RSV is a major cause of respiratory disease in cattle and shares many similarities with human RSV with respect to epidemiologic patterns, clinical disease, immunologic response, and pathologic features. 5, 17 Severe infections occur at a young age, and infections can also occur in the presence of passively-derived immunity. Repeated RSV infections can occur throughout life, and to date there are no safe and efficacious RSV vaccines.
Definitive subgrouping of bovine RSV isolates has not been recognized. In a recent study of 19 bovine RSV strains isolated over a period of 20 years from different parts of the world, 2 major subgroups were recognized, but some isolates did not belong to either subgroup and some were grouped into both subgroups. 12 Using 9 bovine RSV isolates from different geographic areas in the USA, the existence of 2 bovine subgroups was proposed based on the molecular weight of the RSV P protein revealed on a sodium dodecyl sulfate (SDS) gel. 6 Later it was determined that the P protein of RSV has anomalous electrophoretic mobility with respect to its molecular weight. 7 In vitro transcription and translation of human RSV isolate RSN-2 cDNA with a single point mutation revealed that substitutions involving charged amino acids in the carboxy-terminal region had a marked effect on the electrophoretic mobility of the P protein. 7 Identification of viral subgroups has important implications for vaccine development because inclusion of RSV strains that represent different subgroups may be important in evoking protection against all possible strains an animal may encounter. RNAse protection assay (RPA) has been a useful tool for classifying and identifying genotype of human RSV isolates. 11, 28 In the present study, the RPA was used to add to previously obtained nucleotide sequence data suggesting the existence of 2 ruminant RSV subgroups, 1 representing bovine RSV isolates and one representing ovine RSV isolates.
Materials and methods
Viruses and RNAs. Different ruminant RSVs (bovine, caprine, and ovine) were isolated from respiratory disease outbreaks from various geographic areas of the USA (NC, IA, CO, TX, NY, CA, MO, MN, MD, WA), and one bovine isolate was obtained from Japan. a-j Viruses were grown on monolayers of goat turbinate (GT) cells in Dulbecco's minimum essential medium supplemented with 10% horse serum. Human RSV isolates were grown on Vero cell monolayers. Total RNA from infected cells was collected using previously described methods, 8 when there was approximately 50% syncytia formation. cDNA clone construction. Construction of the ovine RSV G glycoprotein clone has been described previously. 2 An oligodinucleotide attached to an adapter was used to synthesize cDNA. Two primers were used for PCR amplification; one had the 9 nucleotides common to most RSV mRNA 5Ј ends (GGGGCAAAT) and was attached to an adapter, and the other primer contained the adapter only. The amplified cDNA was cloned into the linearized pSPORT vector as described by the manufacturer. k First-strand cDNA synthesis and polymerase chain reaction (PCR) amplification for the bovine RSV G glycoprotein gene was done according to standard methods of cDNA synthesis. 26 cDNA and PCR primers, CAAGTATGTCCAAC-CATACCCA and TTAGTTGATGTGTCTAGATC, were designed from the published sequence of the bovine RSV strain 391-2 G glycoprotein. 19 The cDNA was cloned into the Lambda ZAP bacteriophage vector according to manufacturer's instructions l and sequenced by Sanger dideoxy chain termination, and the sequence was compared with those of other RSV strains. The nucleotide and predicted amino acid sequence data were deposited in GenBank, accession number L10925.
Transcription and radiolabeling. Recombinant plasmids containing the G glycoprotein cDNA of ovine (strain WSU 83-1578) and bovine (strain 375) RSV were extracted from transformed bacteria grown overnight and then digested with the appropriate restriction enzyme so that the linearized insert contained the T7 polymerase promoter sequences for transcription. 26 In a final reaction volume of 20 l, 10 units of T7 RNA polymerase k was used to drive the transcription of the G glycoprotein cDNA into a 32 P-radiolabeled RNA probe, according to a previously described method. 22 One microgram of linear DNA template was transcribed in 40 mM Tris-HCl (pH 7.5), 6 mM MgCl 2 , 2 mM spermidine, 10 mM NaCl, 10 mM dithiothreitol, 20 units RNAse inhibitor, 500 M of each of ATP, UTP, and GTP, 50 M CTP, and 5 l of 400-800 Ci/mmol 32 P CTP. This reaction mixture was incubated at 37 C for 1 hr. The DNA was removed by digestion with 2 units of RNAse-free DNAse for another 15 min at 37 C.
Hybridization and RNAse digestion. Hybridization and RNAse digestion was done using previously described techniques. 25, 32 The labeled probe (8 ϫ 10 4 counts/min) was allowed to hybridize overnight with 10 g of total RNA extracted from GT cell monolayer infected with different RSV isolates. The RNA : RNA duplex was then digested with 300 l of RNAse k solution (40 g/ml RNAse A, 2 g/ml RNAse T1, 300 mM NaCl, 5 mM ethylenediaminetetraacetic acid [EDTA], 10 mM Tris-HCl, pH 7.5) for 30 min at 37 C. The digestion was terminated by the addition of 10 l of 20% SDS and 5 l of proteinase K k (10 mg/ml), and the mixture was incubated for 15 min at 37 C, extracted with phenol/ chloroform, and precipitated with ethanol. The resulting pellet was resuspended in gel-loading buffer k (80% formamide, 0.1% xylene cyanol, 0.1% bromophenol blue, 2 mM EDTA). Fragments were separated by electrophoresis in 5% polyacrylamide sequencing gel with 7 M urea for 3 hr. The gel was placed on X-ray film for 3 days at Ϫ70 C, and the autoradiograph was then developed.
Results
Hybridization between a probe and target RNA afforded protection against digestion by RNAse, resulting in a complex pattern of bands in the RPA. The validity of the test was confirmed by using viruses homologous and nonhomologous (human isolates) to the probe.
The RPA method revealed the presence of at least 2 distinct subgroups among the ruminant RSV isolates tested. One was represented by all the bovine and caprine RSV isolates, and the other was represented by the ovine RSV isolates.
The results of the RPA are given in Figs. 1a, 1b, 2a, and 2b. There were complex band patterns of protected RNA : RNA duplex fragments when the radiolabeled bovine RSV probe was hybridized to RNA extracted from GT cells infected either with caprine RSV or with any of the other bovine RSV isolates. There was strong resemblance in the RNA duplex band patterns between bovine RSV isolates RSV-NY191285 and RSV-CA (Fig. 1b, lanes 24 and 23, respectively) , between isolates RSV-MN and RSV-UNL 250708 (Fig. 1a, lanes 8 and 7, respectively) , and between isolates RSV-1143R and 1156R (Fig. 1b, lanes 19 and  17, respectively) . In addition, the strain in lane 22 appears to give the same pattern as those strains in lanes 23 and 24; strains in lane 3 and 5 have identical patterns. No protected bands occurred when the radiolabeled bovine RSV probe was hybridized with the RNA isolated from cells infected with ovine RSV strains (Fig. 1b, lanes A and B) .
Bands were protected from RNAse digestion when radiolabeled ovine RSV probe was hybridized with RNA isolated from GT cells infected with ovine RSV isolates only ( Fig. 2a, 2b ). There were no bands on the gel when radiolabeled ovine RSV probe was allowed to hybridize with RNA from bovine RSV-or caprine RSV-infected cells ( Fig. 2a, 2b) .
Hybridization of radiolabeled bovine or ovine RSV probes with RNA isolated from human RSV-infected Vero cells did not result in any protected bands. RNA extracted from uninfected GT or Vero cells did not result in any protected duplexes when it was hybridized with either radiolabeled bovine or ovine RSV riboprobe ( Figs. 1a, 1b, 2a, 2b ).
Discussion
In this study, 32 P was used to produce a uniformly radiolabeled, antisense RNA probe that was transcribed from the G glycoprotein gene, a gene that has the most variation among different subgroup isolates. The regions of nonidentity were digested with 2 ribonucleases, and only the homologous stretches of the genome were protected from RNAse digestion. Using the radiolabeled bovine and ovine RSV probes, 2 different ruminant virus subgroups were identified based on the presence or absence of the RNAse-protected bands. When using a radiolabeled bovine RSV probe, the bovine RSV and caprine RSV isolates formed complex band patterns, whereas the ovine RSV isolates did not, which indicated clearly that all bovine and caprine RSV isolates tested were closely related.
When using a radiolabeled ovine RSV probe, only the RNA isolated from ovine RSV-infected cells resulted in protected bands. In the control lanes, human RSV RNA did not have any protected bands with the radiolabeled ovine or bovine RSV probes nor did RNA isolated from uninfected GT and Vero cells. Theoretically, because the radiolabeled antisense probe and the G glycoprotein mRNA from homologous viruses are complementary, 1 protected band of probe length should be observed. However, a complex pattern of RNAse-protected bands of various sizes was observed when the radiolabeled riboprobe was hybridized to total RNA from the homologous virus and subsequently subjected to RNAse digestion. Similar observations with human RSV have been reported. 11 This phenomenon can, at least partially, be attributed to synthesis of truncated riboprobe transcripts with different lengths.
The results of this RPA agree and complement and are compatible with the nucleotide sequence data of the ovine, human, and bovine RSV G glycoprotein genes. The ovine and bovine RSV G glycoprotein genes have a nucleotide and amino acid level of identity similar to the level of identity that exists between the 2 human RSV groups. 2 Also the bovine and ovine RSV G glycoprotein genes are distinct from that of the human RSV subgroups. 2 Furthermore, in previous studies protected bands were not detected after the hybridization of the antisense radiolabeled probe prepared from human RSV subgroup A strain to RNA of subgroup B viruses. 11 The RPA, originally developed to detect single base substitutions in transcribed genes, 32 has been also used for the analysis of the genetic variability among influenza viruses. 20 The technique has been used to obtain new information about intrasubgroup variation and to characterize a collection of subgroup A human RSV isolates recovered from children with RSV infection in 1 metropolitan area during 4 different RSV seasons. 28 Four intrasubgroups were identified. An epidemiologic analysis of isolates in 1 of these intrasubgroups revealed that the protection fragments of isolates within each epidemic season were indistinguishable from one another but differed from those recovered during different epidemic seasons.
Human RSV isolates have been divided into 2 major subgroups using a panel of monoclonal antibodies, but this system has limited discriminatory capacity among isolates within the subgroup. 1, 4, 15, 29 Additional diversity might be revealed by analysis of the RNA genome, because changes in genomic sequence might not result in changes in protein epitopes. The RPA allowed the use of total RNA isolated from infected cells with different isolates of RSV without the need to purify each target virus. This technical feasibility also allows mul-tiple isolates to be processed in the same gel for direct comparison. All of these advantages of the technique make it a practical tool in identifying variations among large numbers of isolates.
Previous studies have shown concurrent circulation of human RSV isolates from both subgroups A and B. 4, 13, 15, 23, 29 It is not known whether ovine and bovine RSV isolates cocirculate or cross-infect their respective hosts. If cross-infection occurs in nature, then ovine RSV should be included in any vaccine against ruminant RSV infection. Sheep develop clinical signs of respiratory disease when experimentally infected with bovine RSV. The possibility of cross-infection can be assessed in an epidemic by the RPA.
The significance of the genotypic diversity identified in this study is not clear, but this diversity may indicate that the host's protective immune response to the G glycoprotein is not only subgroup specific but also is specific to viruses within each subgroup. This specificity may explain the occurrence of repeated infections with RSV and would have important implications for vaccine development. 28 Studies have not yet been done with RPA to determine whether corresponding genetic variations exist in viral proteins other than the G glycoprotein among the ruminant RSV isolates. Studies on the nucleotide sequence of the small hydrophobic (SH) protein have identified a significant degree of divergence between the SH protein of ovine RSV and that of bovine RSV. 3 This protein also shows significant heterogeneity between the 2 human RSV subgroups. 10 Polyclonal antibodies to bovine RSV immunoprecipitated the N, P, M, F, G, 22K, 1C, and 1B proteins of ovine RSV strains WSU 83-1578 and WSU 87-6750. 21 The SH protein is a surface viral antigen that is present in 4 different glycosylated forms and might provoke a heterogeneous and divergent immune response between different subgroups. Studies on bovine and ovine SH protein using RPA and monoclonal antibodies are needed to further examine the genetic and antigenic variations between the 2 ruminant RSV subgroups.
Bovine RSV isolate subgroup differences were not detected by the RPA in this study. The existence of more than 1 bovine RSV subgroup has been suggested based on a polyclonal western blot analysis of bovine RSV isolates 391-2 and 127. 19 Unfortunately, bovine RSV isolate 127 isolated in the UK was not available for evaluation in this study. The bovine RSV isolates that were tested in this study originated from respiratory disease outbreaks in cattle from North Carolina, Iowa, Colorado, Texas, New York, California, Missouri, Minnesota, Maryland, Washington, and Japan. Bovine RSV isolate 127, which originated from England, may indeed represent a second bovine RSV subgroup, and therefore its G glycoprotein may differ from those of the various bovine RSV isolates we tested.
In summary, the results of this study suggest that these bovine RSV isolates belong to the same bovine RSV subgroup and that caprine RSV may share significant nucleotide homology with the bovine RSV isolates. Ovine RSV differs from bovine RSV, and caprine RSV. Further characterization of the divergence of RSVs is needed and should guide future studies of RSV immunopathogenesis, immunoprophylaxis, and host range specificity. The RPA mismatch technique could be a valuable tool for screening of variability among RSV isolates. 
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